Viruses that replicate in the nucleus, including the primary causative agent of cervical cancer, human papillomavirus type 16 (HPV16), must first cross the cytoplasm. We compared the uptake of HPV16 virus-like particles (VLPs) either with or without the minor capsid protein L2.
Introduction
Passive diffusion of molecules within the cytoplasm is limited by molecular crowding and does not provide targeting to a particular subcellular domain (1) . Thus many intracellular pathogens subvert existing transport mechanisms and cytoskeletal components, both to efficiently reach their site of replication and also for the exit of their progeny (2) . The cytoskeleton is highly dynamic and its role in locomotion is regulated by a plethora of actin and tubulin binding proteins, kinases and phosphatases of multiple signaling cascades. Changes in tyrosine phosphorylation of actin regulatory proteins induce the condensation of actin 'comet' tails behind endosomes (3) , as well as the bacteria Listeria, Shigella, and Rickettsia, (4) and viruses including vaccinia, baculovirus and SV40, for propulsion through the cytoplasm (5, 6) .
Other viruses employ cellular motors such as dyneins and kinesins for transport along microtubules. A single virus type can employ several intracellular transport mechanisms.
Indeed, vaccinia particles are driven along microtubules by kinesin, whereupon actin tails take over propulsion (7, 8) .
Compelling epidemiologic and molecular virologic studies demonstrate that infection
with an oncogenic type human papillomavirus (HPV), typified by HPV16, is a necessary cause of cervical cancer (9) . In the absence of effective screening programs, cervical cancer is a leading cause of cancer death in women (10) . Furthermore, oncogenic HPV infection is also strongly associated with vuval, anal, penile cancers and some non-melanoma skin cancers, esophageal and salivary cancers (11). An understanding of the infectious process is critical to rational development of approaches for prevention of HPV-related cancers. Although several by guest on http://www.jbc.org/ Downloaded from Yang et al 1/22/03 4 cellular molecules, including heparan sulphate glycosaminoglycans (12), α 6 integrin (13) and CD16 (14) have been implicated as cell surface receptors for papillomavirus, little else known about cellular proteins that mediate cytoplasmic transport of papillomavirus and delivery of the viral genome to the nucleus.
The papillomavirus capsid comprises the major capsid protein L1 arranged as 72 pentamers, or capsomers, in a T=7d icosahedral surface lattice (15, 16 ) and a minor capsid protein, L2 (17) , one molecule of which may be located at each vertex (18) . Overexpression of L1 alone is sufficient to form empty capsids, termed virus-like particles (VLPs) (19) . L1 VLPs bind to cell surfaces and compete with bovine papillomavirus type 1 (BPV1) infection in vitro (20) . However, both L1 and L2 are necessary for efficient production of papillomavirus and infection (21) (22) (23) . Recent studies by Kawana et al suggest that residues 108-120 of L2 are displayed upon the virion exterior, and bind to the cell surface, resulting in internalization (24, 25) . Further, L2 antiserum neutralizes papillomavirus without preventing virion binding to the cell surface (26) . We recently demonstrated that L2 plays a critical role in infection but is not required for interaction of papillomavirus particles with the cell surface (23) . Taken together, the data suggest that L1 mediates the initial binding of virions to the cell surface, while L2 provides later functions critical for infection.
Experimental Procedures

Preparation of papillomavirus VLPs and L2
by guest on http://www.jbc.org/ VLPs containing L1 and L2, only L1 VLPs or L1 and L2 lacking residues 25-45 were generated by infection of Sf9 with recombinant baculoviruses and purified as previously reported (27) . The HPV16 L2∆25-45 deletion mutant was prepared by two rounds of PCR using oligonucleotides CGCGGATCCATGCGACACAAACGTTCTGC and CCCATACTTCCATATTGTAACTGTTTGCATGTTTTATAAAG or TCCCCCCGGGCTAGGCAGCCAAAGAGAC and CTTTATAAAAACATGCAAACAGTTACAATATGGAAGTATGGG, followed by just the outside primers. The quantity and quality of VLP preparations were analyzed by SDS-PAGE and electron microscopy. 6His-tagged BPV1 L2 fusion proteins were prepared as previously described (26) . For generation of GST-tagged L2-GFP fusion proteins, L2 oligonucleotides with 
Metabolic labeling and immunoprecipitation
Cells were grown overnight in DMEM/10%FCS containing Positive ion mass spectra were analyzed using Data Explorer (version 3.5). Mass accuracy was better than 100 ppm. β-actin was identified by searching the monoisotopic masses acquired from the 43kDa protein against the NCBI non-redundant database using the MS-Fit search engine on the protein Prospector web site (prospector.ucsf.edu).
Flow cytometric analysis of L2-GFP binding
After HPV16 pseudovirion were generated and their infectivity assayed as described previously (22) .
The HPV16 L2∆25-45 deletion mutant was prepared as described in the generation of HPV16
particles. The resulting DNA was inserted into the BamH I and Xma l restriction sites of pSFV4.2.
Results
L2 facilitates perinuclear trafficking
To further define the role of L2 in the infectious process, we compared the binding, uptake, and intracellular transport of HPV16 VLPs containing both L1 and L2 (L1/L2 VLPs)
with VLPs comprising only L1 (L1 VLPs) (27) To determine the distribution of the cellular protein that interacts with HPV16 L2-GFP fusion protein, we examined by confocal fluorescence microscopy ( Figure 4A1 ) and flow cytometry ( Figure 4A2 ) the binding to detergent-permeabilized human cervical carcinoma- To identity the 43 kD cellular protein, detergent lysate of SiHa cells was passed over a GST-HPV16 L2(1-128)-GFP coated column. After extensive washing, the proteins bound were eluted and visualized by SDS-PAGE and silver staining (not shown). The 43kD protein band recovered was excised and subjected to in-gel trypsin digestion and MALDI-TOF. This analysis resulted in the identification of 13 peptides whose protein sequences were all consistent with β-actin ( Figure 5A and B).
Since peptides of L2 were used for the actin binding experiments it is possible that the truncations resulted in exposure on a non-physiologic, cryptic epitope. To demonstrate interaction between the full length L2 and actin, a detergent lysate of HeLa cells was passed over the glutathione-Sepharose beads pre-coated with GST fused to full length HPV16 L2. The bound proteins were separated by electrophoresis and analyzed by Western blot analysis using a mouse monoclonal antibody to β-actin ( Figure 3D ). Full length HPV16 L2, and its residue 1-128 and 25-45 subfragments bound to actin, whereas the residue 299-333 fragment and GFP control did not ( Figure 3D ). Thus binding to actin is a property of full length L2.
It is unclear whether L2 binds directly with actin. Therefore to address this question purified GST-GFP fusion proteins containing HPVL2 residues 25-45, or as a negative control, residues 299-333, were incubated for an hour at ambient temperature with actin purified from rabbit muscle. Upon pulldown with glutathione-Sepharose, actin co-purified with the GST-GFP Since papillomavirus exhibits a high particle to infectivity ratio in vitro (22) , it is possible that the uptake of HPV16 VLPs shown in figure 1 does not represent the true infectious pathway.
Therefore, to examine the significance to the infectious process of this interaction between L2
and β-actin, we generated HPV16 pseudovirions lacking the conserved β-actin binding domain, namely residues 25-45 ( Figure 6A ), and tested their infectivity using a previously described L1 only pseudovirions prepared in vitro are infectious, although significantly less so than those containing L2 (38) (39) (40) . We have provided genetic evidence that L2 also plays a critical role during papillomavirus infection but after the initial binding of the particle to the cell surface (23) .
By virtue of its ability to bind to and enter cells, L2 was recently proposed to bind to a secondary viral receptor and facilitate uptake (24). The inability of L1 VLP to enter the nucleus (41) , and the importance of the DNA-binding and karyophilic domains of L2 to the infectious process suggest that interaction of L2 with the viral genome may play a key role in its delivery to the nucleus (23, 42) . The high local protein concentration (as high as 300mg/ml), organelles and cytoskeleton contribute to molecular crowding within a cell that restricts the free diffusion of molecules of greater than 500kDa (1). Since the papillomavirus capsid is 55nm in diameter and >2000 kDa then its free diffusion within the cell will be extremely slow (15) . During infection the virus needs to rapidly traffic to the nucleus, the site of viral replication, rather than other organelles such as the lysosomes. To efficiently transport particles across the cytoplasm during infection residues 25-45 of HPV16 L2 bind with β-actin and this interaction influences microfilament structure. However understanding of the mechanism of locomotion requires further investigation.
The high degree of sequence conservation of the L2 motif ( Figure 6A ) and the ability of Both endosomes and diverse pathogens are able to recruit host cytoskeletal factors to induce the polymerization of actin filaments from their surface into a structure known as a "comet tail" for intracellular propulsion (34) . However, the presence of L2 or L1/L2 VLPs during infection did not promote the formation of such actin "comet tails" suggesting that the interaction of L2 with β-actin facilitates particle transport by another mechanism.
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